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Abstract. Deep drawing simulation techniques reduce tool design costs and improve
tool performance and reliability. In terms of strain hardening, mixed models capturing
the kinematic effect are sometimes more accurate than isotropic models. Indeed, non-
linearity in strain paths can lead to inconsistent simulation results. However, the use of
such models requires a greater number of tests including strain path changes. Therefore,
the use of such mixed models shall be required only if the simulation includes non-linear
strain paths and the material exhibits a pronounced Bauschinger effect. New tools to
help engineers choose between models could ease the spread of more advanced models
in simulation of deep drawing processes when needed. With this in mind, an indicator
predicting the influence of kinematic effects could help to select an adequate model.
In this study, a new indicator is introduced with the idea of characterising strain path
non-linearity in order to assess kinematic hardening influence. The indicator is computed
using the forming history taken from a purely isotropic simulation – which is easier to
set up and parametrise. The ability of the indicator to predict inconsistencies within the
isotropic simulation is investigated using U-channel simulations.
1 INTRODUCTION
Simulation techniques as finite element analysis are widely spread in sheet metal form-
ing, as they can be help to enlarge process windows and to develop reliable tools within a
short period of time. Furthermore it is well known, that accurate modelling of the mate-
rial behaviour is crucial for reliable predictions of forming processes [1]. For this purpose,
numerous formulations for describing complex material flow were developed in the past,
requiring a greater number of tests including strain path changes.
Especially for forming processes where a high amount of cyclic bending is induced
by forming through draw beads, isotropic hardening models are insufficient for precise
springback prediction. Previous work already studied the influence of kinematic hardening
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Figure 1: Kinematic and isotropic hardening
in deep drawing processes [2] and showed the importance of this material behaviour for
the prediction of springback [3], being crucial for deep drawing tools design. In these
cases, mixed isotropic-non-linear kinematic hardening formulations in general [4], but
also special formulations of distorsional hardening as shown in [5] are able to capture the
springback phenomenon. However, the authors of [6] demonstrated that identification of
kinematic hardening behaviour is a difficult task due to ambiguity. Results often provide
good predictions, but are not reliable in all cases and, therefore, always have to be verified.
For the parametrisation of the yield surface evolution, a smart choice of experimental tests
and sophisticated numerical evaluation strategies has to be made as shown in [7]. As a
result of precise material modelling, it is subsequently possible to compensate springback
by optimisation of tool geometries [8]. In addition to conventional strategies, the recently
proposed macro-structured tools by Brosius et al. [9] are not only capable of widening
process window regarding drawing depth, but are also helpful to reduce springback angles
for specific materials, with a higher amount of kinematic hardening [10].
Despite the great potential for optimisation due to enhanced knowledge of kinematic
hardening effects in drawing operations, in industrial applications, an estimation of the
extensive efforts is often desired in advance. Additional material characterisation and
numerical analysis with these models should only be performed for forming operations
with high non-linear strain paths and for materials with a pronounced Bauschinger effect.
For this reason evaluation tools for assisting engineers in the choice of adequate material
models in simulation of deep drawing processes would be advantageous. In order to
quantify non-linearity in strain paths, diverse indicators such as shown by Herault et al.
[11] were proposed in the past. In this study, an alternative approach for the quantification
of the kinematic hardening effect is proposed and discussed for the analysis of a macro-
structured tool as used in [10].
2
468
Re´mi Lafarge, Niklas Ku¨sters, Alexander Brosius
2 CONTEXT
2.1 Hardenings models
The Bauschinger effect describe a lowering of the yield stress upon strain reversal. This
change can be permanent or only transient, and the magnitude of this effect is dependent
on many parameters including material and prestrain. A model aiming at the simulation
of cyclic behaviour must be able to accurately capture the Bauschinger effect as shown in
[12]. Strain hardening consists of a yield surface evolution following an initial deformation.
The first model to capture this effect was isotropic hardening. It operates by uniformly
scaling of the yield surface on increasing plastic hardening. The parameter identification of
this hardening model can be realised using the result of simple tensile tests. However, this
model fails to capture the Bauschinger effect, as no softening on reversal can be obtained
with this family of models. Kinematic hardening was first introduced by Prager [13]. In
this model, yield stress evolution is characterised by the translation of the yield surface,
which is implemented using a backstress tensor. In Prager’s model, backstress increments
are calculated by multiplicating the strain increments by a constant c. However, the use
of a pure kinematic model, does not enable a correct simulation of the Bauschinger effect
within sheet metal, and a mixed model using anisotropic and kinematic hardening should
be used [14].
Figure 1 represents the evolution of the yield surface following a strain increment for
a isotropic hardening model and a kinematic hardening model. It is quite clear that for
non-linear strain paths, the two families of models will lead to different results, in contrast
to linear strain paths. Not only does kinematic hardening has a strong influence on stress
values, but also on the Lankford coefficient, as the translation of the yield surface will
also influence surface normals [15].
The parameter identification for non-linear, mixed models is also more complex than
for isotropic models, as tension-compression tests are required. This test is challenging
for sheet metal, as buckling might occur during the compression phase [16]. Besides the
use of anti-buckling mechanisms supporting specimens on the surface to prevent buckling,
the use of miniaturized samples, where geometry makes the tests less prone to buckling
as shown in [17], is common technique.
2.2 Kinematic hardening in deep drawing processes
Non-linearity in strain path is to be expected in a deep drawing process. Indeed, the
bending and unbending of the blank along the die edge implies strain reversal in the blank
at least near the surface (see figure 2). However, the amount of strain path non-linearity is
not easily predicted and is non-uniform in the blank for complex drawing parts. Moreover,
strain path non-linerarities can be caused by other elements of the tool’s geometry.
The influence of kinematic hardening in forming applications has already been studied
by Oliveira et al. [18]. They investigated the influences of kinematic hardening for the
U-profile and different mild and high strength steel grades (DC06 and DP600). They con-
cluded that springback behaviour depends on strain path non-linearity. In order to study
the influence of kinematic hardening, the authors compared two simulations, one imple-
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Figure 2: Strain reversal on die edge
mented a simplified isotropic model and the second used a mixed (isotropic-kinematic)
hardening model. Liao et al. [3] studied the influences of path dependent behaviour
on twist springback for P-channel and C-channel. They concluded that path dependent
behaviour has a significant influence on simulated springback results.
2.3 Kinematic indicator
Since the influence of kinematic hardening is non-uniform and difficult to predict, a few
indicators have been proposed for evaluating its influence and other strain path dependent
behaviour in drawing operations.
First, Schmitt et al. [19] studied the influence of strain path change on crystal formation







where ε˙p1 and ε˙
p
2 are two successive plastic strain increment tensors. This parameter
take values between -1 and +1, with -1 corresponding to strain reversal and +1 to strain
path linearity. Van Riel [20] studied the use of such indicators in FE simulations. He
proposed the use of an indicator based on strains increments. However, he noted that
this indicator is very sensitive to sampling frequency and converge to 1 for high enough




where G is defined by the following differential equation:
G˙ = ε˙p − c‖ε‖G (3)
G is named strain history and the c parameter is used to quantify the influence of
previous strain states. Herault et al. [11] use this indicator to study strain reversal and
cross-hardening (where yield surface is stretched perpendicularly to the strain increment)
of DP600 for the reverse redrawing of cylindrical cups. A limit of this indicator is the
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absence of a method to select the right value for the parameter c. Moreover, this indicator
is not dependent on the material model.
Oliviera et al. [18] propose to use plastic strain direction and a plastic strain reference
to develop a new indicator. However, no indication is given on how to choose the plastic
strain reference. Based on this work, Clausmeyer et al. [21] introduced a cross hardening
indicator and studied the influence of cross hardening for a specific channel profile.







where α is the angle between two consecutive strain increments, and E is the plastic
deformation energy. The variation of internal energy is used to weight the different changes
of direction according to the amount of plastification they represent. The authors linked
this indicator with kinematic influences on von Mises stress for the deep drawing of the
S-Rail using DP600 steel. This indicator presented the same flaw as the discretised version
of θSchmitt: it is converging to zero for high enough sampling frequencies.
3 A NOVEL INDICATOR
Based on the previously introduced indicators flaws, it is possible to set some specifi-
cations for a novel indicator. The output values should be a scalar; it must have a local
definition to be calculable for every element in a FE simulation. It should take values
between 0 and 1 and converge as the sampling frequency increases.
The following new indicator is proposed :
θ =
∑N
i=0(αest, ε˙p) ∗ δE
pi ∗ wmax (5)
where:
• αest is the estimation of the backstress tensor
• δw is the variation of the specific plastic work for the given timestep
• wmax is the maximum of the specific plastic work in the part
The angle between the backstress tensor and the plastic strain is defined between 0 and
pi. This value is meant to represent the non-linearity of the strain path at specific time
of the simulation. The use os specific plastic work increment enables to weight the most
important evolution of the strain history. The backstress estimation αest is calculated





The backstress is estimated using the hardening law and the strain path, assuming
a pure kinematic model. It is therefore possible to validate the convergence condition
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Figure 3: Calculation of indicator and target values
without having specified a fixed reference such as Oliviera et al. [18] or a value constructed
from unspecified parameters such as Van Riel [20].
A shell element has different layers, corresponding to different integration points along
the section. The strain history depends of the chosen integration point. Therefore, the
indicator must be calculated for each integration point. With the software (LS-DYNA)
used in this work, three integration point can be used: upper, middle and lower.
4 EVALUATION OF THE INDICATOR
4.1 Evaluation framework
To validate the use of this indicator, a scheme presented figure 3 was employed. First,
two simulations are carried out using LS-DYNA; one with a full isotropic model, and a
second with a mixed model. Then the isotropic simulation results are used to calculate
the indicator. Disparities between two simulations are then used as target value: the
deviation between the two simulations is subsequently used as a measure of the influence
of kinematic hardening. Different target variables may be used. This work focus on
specific accumulated plastic work and von Mises equivalent stress. Both are dependent
on the integration point and should be compared with the corresponding value of the
indicator, i.e. calculated for the same integration point.
To evaluate the performance of this indicator, a simple U-profile shape is used at
first. To create more complex strain paths, macro-structured tools are used. Introduced
by Brosius et al. [9] to enable lubricant free deep drawing, the U-profile tool consists
of a macro-structured blank holder and die as shown in Figure 4. With this tool, the
immersion depth δ (see figure 4), which is the distance between blankholder and die
substracted from blank thickness is adjustable. Two configurations will be used in this
paper, an immersion depth of 0mm and 0.2mm. The indicator, as well a the target values,
should show a significant sensitivity to these features (macro-structured, immersion) of
the tool for materials with pronounced kinematic hardening. The material used is an
DP600 steel. Sheet thickness was mesured at 1,17mm. Drawing Depth was 90mm. Other
geometric properties are shown figure 4.
The simulation are performed using LS-DYNA 11.0.0 using MPP for parallelisation. A
high number of elements were used (around 15000 in the blank), as the used proprocessing
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Figure 4: Tools and blank in LS-PREPOST
Table 1: DP600 Parameter for Simulation
Parameter description Symbol Value Unit
Young’s Modulus E 185 MPa
Mass density ρ 7850 kg−3
Poisson coefficient ν 0.3 ∅
Swift parameter ε0 1.822 ∗ 10−3 ∅
Swift parameter k 1060 MPa
Swift parameter n 0.1741 ∅
Chaboche modified parameter a1 379.0 MPa
Chaboche modified parameter c1 11.40 ∅
libraries are not compatible with active remeshing. Belytschko-Tsay formulation was used
(ELFORM = 2) with 9 integration point. The material model used is a modified Chaboche
(*MAT 133 ), for both mixed and isotropic model. The Barlat 2000-2d yield criterion is
used.
Computation of the indicator is performed in Python using SciPy [23], and qd.cae1.
For the material characterisation of the DP600, tensile tests in three different rolling
directions, a bulge test and a cyclic tension compression test were carried out and used
for parameter identification.
4.2 Performance of the indicator
At first, numerical results of the macrostructured U-profile drawing with zero immer-
sion depth (δ = 0mm) depth will be investigated. The figure 5 represents the von Mises
equivalent stress for different integration points. Figure 6 represents the differences of the
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Figure 5: Values of the von Mises stresses values (σVM, Iso.) for different layers and with a zero immersion
depth (δ = 0mm)
Figure 6: Values of the difference between simulation for von Mises stresses values (σVM, Iso.−σVM, Kin.)
for different layers and with a zero immersion depth (δ = 0mm)
combined isotropic-kinematic hardening model. The figure 7 represents the specific plas-
tic work for the two simulation, and the difference obtained, for the upper layer. Those
results are consistent with theory: the influence of kinematic hardening is linked with
the bending and unbending along the die radius. As expected, the plastic works after
unbending is smaller for the mixed model than for the isotropic model, despite being the
same after the first bending.
The figure 8 represents the values obtained for the indicator on different layer. Results
imply the indicator is able to accurately predict differences between accumulated specific
plastic work. However, it is less suitable for predicting discrepancies concerning the von
Mises stress. This is linked to the accumulative definition of the indicator, leading to
steadily increasing or constant values, which therefore cannot predict a reduction of stress
values. Another error source is likely caused by strain path differences: this indicator can
be useful only for process simulations where the characteristics of the strain paths are
8
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Figure 7: Values of the specific accumulated plastic work in the upper layer for the simulation imple-
menting the isotropic model (a), the mixed model and differences between simulation (wpl, Iso.−wpl, Kin.)
for the Upper layer and with a zero immersion depth (δ = 0mm)
Figure 8: Values of the indicator θ for different layers and with a zero immersion depth (δ = 0mm)
relatively insensitive regarding the used material model.
When immersion depth is high enough that plastification occurs between blank holder
and die, kinematic hardening will play a major role, as bending and unbending occurs in
a significant number of times. Figure 9 represents the numerical results computed with
a non-zero immersion depth. As expected for this immersion depth, plastification occurs
within the blank, which is is visible figure 9 (a). The alternate bending in this zone result
in large differences between the two simulations, especially concerning the plastic work as
shown figrure 9 (b). Indeed, the upper and lower layers of blank are constantly submitted
to reversed loading and deformation. The indicator is able to correctly capture this effect,
as presented Figure 9 (c).
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Figure 9: Values of the specific accumulated plastic work in the upper layer for the simulation imple-
menting the isotropic model (a), the differences between both simulation (wpl, Iso. − wpl, Kin.) (b), and
the indicator (θ)(c) for the upper layer and with non-zero immersion depth (δ = 0.2mm)
5 CONCLUSION
In this work, the importance of the kinematic hardening influence is recalled within
deep drawing simulation. Based on previous work, a new indicator to predict the influ-
ences of kinematic hardening using isotropic simulation results has been proposed. Unlike
previous indicators, it is stable for increasing sampling frequencies, but does not require
any references or other parameter. Using the additional information provided by the in-
dicator, engineers are able to evaluate material’s choice and tool design in early stages of
process design and furthermore conclude on the necessity of extensive material character-
isation for kinematic hardening for specific forming operations.
The ability of this indicator to predict kinematic hardening has been illustrated using
FE-simulation. Future studies will focus on the confirmation of the performance of this
new indicator for different, more complex shaped parts. A method to find the smallest
sampling frequencies will be investigated. Further developments of the indicator will also
be related to springback quantification and an evaluation regarding process limits.
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